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To evaluate the safety and efficiency of optically modified
fiber tips, craters were created in human cadaver ath-
erosclerotic arterial walls using sapphire contact probes
and lensed fibers connected to a continuous wave neo-
dymium yttrium aluminum garnet (Nd-YAG) laser. Laser
energy was emitted at a constant level of 50 J. The sap-
phire contact probe catheter consisted of a round 2.2
mm diameter synthetic sapphire attached to an 8F cath-
eter into which a 0.2 mm diameter optical fiber was
inserted with the distal tip maintained at 3 mm from the
sapphire. The lensed fiber catheter consisted of a 0.2
mm optical fiber at the end of which a 1 mm diameter
lens was made. The fiber was inserted into a 5F low
profile balloon catheter with the lens maintained 3 mm
beyond the catheter tip. During laser emissions the cath-
eter tips were maintained in a stationary position in
contact with tissue targets immersed in blood at an angle
of 90°.
The diameter of holes at the entry and exit of craters,
the depth of craters and thermal injury to adjacent tissue
Experimental (1-5) and clinical data (6-9) on laser angio-
plasty have shown that bare fibers connected to laser sources
can penetrate atherosclerotic arterial obstructions. However,
the tunnels created through the tissue targets were narrow.
Therefore, in clinical use, a complementary balloon angio-
plasty procedure was required to obtain an adequate lumen
(10-12). In addition, the sharp edge of the distal tip of the
laser fiber had the potential risk of vessel wall perforation
(13,14). Finally, using high power energy through blood
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(rim of carbonization and vacuolization) were measured
with microscopy. The volume oftissue removed was de-
rived from these values. Controlled effect index was de-
termined as the ratio of diameter of holes and the extent
of thermal injury. Efficiency was determined as the ratio
of volume of tissue removed and the energy required to
vaporize tissue. The results were compared with those
obtained with 0.2 mm bare fibers using the same energy.
Efficiency for lensed and sapphire catheters was 0.04 ±
0.1 and 0.11 ± 0.2 mm3/J , respectively, as compared
with 0.01 ± 0.02 mm3/J for bare fibers (p < 0.001).
Controlled effect index for lensed and sapphire catheters
was 5.8 ± 0.7 and 8.8 ± 1.7, respectively, as compared
with 2.1 ± 0.4 for bare fibers (p < 0.001).
In conclusion: 1) Optically modified fiber tips appear
to enhance the safety and efficiency of laser tissue abla-
tion for potential arterial recanalization. 2) Both the
efficiency and the safety of sapphire contact probe cath-
eters are greater than those of lensed fiber catheters.
(J Am Coli CardioI1987;10:655-61)
resulted in back burning of the distal fiber tip (15). To
obviate these drawbacks, protected fiber tips consisting of
argon-heated metal tips (for thermal angioplasty) (16-19),
fiber shields (for multifiber catheters) (20), sapphire contact
probes (21 ,22) and lensed ball fibers (23) are currently under
development. These optically modified laser catheters dem-
onstrated the potential for vaporization of tissue in experi-
mental studies. More recently, sapphire contact probes have
been successfully used in gastrointestinal surgery (24).
However, the performance of these devices has not yet been
precisely evaluated in cardiovascular disease. Indeed, laser
recanalization of obstructed arteries requires the combina-
tion of two factors: I) an adequate energy at the catheter
tip sufficient to penetrate calcified plaques with the lowest
input power to prevent damage to the optical fiber during
power transmission, and 2) low side effects to minimize the
risk of vessel wall damage. Thus, the purpose of this study
was to evaluate the efficiency and safety of sapphire contact
0735-1097/87/$3.50
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Methods
probe and lensed ball fiber catheters for potential application
in laser angioplasty.
of the lumen and the catheter tip. The fibers of both laser
catheters connected at the proximal end to a continuous wave
neodymium yttrium aluminum garnet (Nd- YAG) laser
(Messerschmitt-Bolkow-Blohm).
The sapphire contact probe and the lensed fiber tip were
used on human cadaver atherosclerotic aortic walls im-
mersed in blood. Both catheters were maintained in a sta-
tionary position using a specially designed device with the
tip in contact with the target tissue at an angle of 90°. The
power and duration of emission were 25 Wand 2 seconds,
respectively, resulting in an energy level of 50 J. Each
sample was submitted to six laser emissions.
Laser energy. The energy level (501) that was selected
to create craters in aortic tissue included the highest possible
transmitted power through the 0.2 mm fiber without any
risk of damage to the laser-fiber coupling system so that a
short duration of emission could be used. Preliminary stud-
ies demonstrated that this energy level created a constant
depth of penetration into the tissue.
Measurements. The diameter of holes created at the
entry and exit of craters and the depth of penetration were
measured using an ocular micrometer mounted on a dis-
secting microscope. All results were compared with those
obtained with a bare fiber of the same diameter (0.2 mm).
Because the shape of the tunnels created with bare fibers,
sapphire contact probes and lensed ball fibers approximated
cylinders and truncated cones, the volume of tissue de-
stroyed was calculated using the formulas: m 2 hand 7Th/3
(r1 2 + r,r2 + r/), respectively, where r = radius of the
hole (mm) and h = depth of hole (mm). Efficiency of the
laser devices was determined as the ratio of volume of tissue
removed and the energy (50 J) required to remove the tissue.
A controlled effect index was determined as the ratio of
radius of holes created by the laser devices and the extent
of thermal damage, that is, the depth of carbonization and
vacuolization.
Histologic examination. Human arteries from cadavers
at autopsy were routinely placed in normal saline solution.
After gross examination, specimens were fixed in 10% neu-
tral buffered formalin and representative tissue blocks were
obtained for microscopic evaluation. These represented cross
sections of arterial walls in their full thickness and were
embedded in paraffin. Sections were cut with a rotary mi-
crotome and studied with hematoxylin-eosin. Selected sec-
tions were studied with the Masson trichrome method for
collagen and the Verhoeff-Van Gieson technique for elastic
and collagen fibers. Gross examination was particularly di-
rected to the assessment of the diameter and depth of the
tunnels created by laser, the status of the adjacent tissue
and evaluation of atherosclerosis. The depth of thermal dam-
age including the extent of carbonization and vacuolization
at laser emission sites was evaluated microscopically.
Laser calibration. The actual power of laser emission
was measured with a power meter as it exits from the laser
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Figure l. A, Laser angioplasty catheter with the lensed tip fiber.
The channel created by the "ball" facilitates penetration of the
balloon catheter through the obstruction for subsequent balloon
angioplasty. B, Laser angioplasty catheter with the sapphire con-
nected to the catheter. The I mm interface between the sapphire
and the distal end of the optical fiber is made of saline perfusate
that is circulated during laser emission to prevent back burning of
the fiber tip. (Reproduced with permission from Geschwind HJ,
et al. [34].)
Laser catheters. Two types of optically modified laser
catheters were used (Fig. I A and B):
I) Sapphire contact laser probes. The first type used
was a contact laser probe made of a selected physiologically
neutral synthetic sapphire crystal with great mechanical
strength, low thermal conductivity and a high melting tem-
perature (2,050°C) (Surgical Laser Technologies). The con-
tact probe was screwed onto a metal universal connector
attached to an 8F woven Dacron catheter (United States
Catheter and Instrument Co.). To increase flexibility of the
laser catheter, a 0.2 mm optical fiber (Advanced Cardio-
vascular Systems) was inserted into the catheter and the
distal end was maintained at I mm from the sapphire. The
contact probe had a round shape that resulted in high power
density and broad energy delivery. The outside diameter of
the sapphire was 2.2 mm. Saline perfusate was circulated
at a rate of 10 mllmin through the catheter to prevent ex-
cessive heating of the fiber tip.
2) Lensed fibers. The second type used was a lensed ball
tip catheter consisting of a silica fiber, 0.2 mm in diameter,
on the end of which a I mm diameter lens was made by
heating the silica (Advanced Cardiovascular Systems). The
fiber was inserted into a SF balloon catheter. The lensed
ball fiber tip was maintained 3 mm beyond the catheter tip.
The diameter of the ball fiber was slightly greater than that
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Controlled
Energy Radius Area Depth Volume Injury Efficiency Effect
(J) (mm) (rnrrr') (mrn) (rnm') (J.Lm) (rnrnvl) Index
Bare fiber 50 0.25 ± 0.02 0.20 ± 0.03 2AO ± 0.06 0.54 ± 010 118 ± 23 0.01 ± 0.002 2.1 ± OA
Lensed tip 50 0.61 ± 0.09* 1.19 ± 0.35* 2.00 ± 0.30 2.06 ± OAI* IDS ± 28 0.04 ± 0.01* 5.8 ± 0.7*
Sapphire probe 50 1.26 ± 0.08* 4.99 ± 0.19* 2.20 ± 0.30 5.63 ± 0.92* 137 ± 31 0.11 ± 0.2* 8.8 ± 1.7*
*p < 0.001 versus bare fiber.
at the distal end of the bare fiber and at the optically modified
laser catheter. Calibration was made using the helium-neon
beam and the Nd-YAG beam at 10 W as it exits from the
laser.
Statistical analysis. One-way analysis of variance was
used to evaluate the results of different laser catheter groups.
An unpaired t test was used to analyze the differences be-
tween the sapphire probe and the bare fiber and the lensed
tip fiber and the bare fiber, Comparisons were made between
lensed versus bare fiber and sapphire versus bare fiber. A
probability (p) value of <0,05 was considered significant.
Results (Table 1)
Power calibration. Calibration of the laser device showed
that the power at the distal end was 55, 20 and 60% for
lensed ball, contact sapphire probe and bare fiber tips, re-
spectively. The loss of power observed with the contact
sapphire probe was likely to occur at the interface between
the distal end of the optical fiber and the sapphire. Only the
power emitted by the laser was taken into account. No
normalization was made to compensate for the losses.
Tissue ablation (Fig. 2 and 3). The volume of tissue
removed with optically modified tips was significantly greater
Figure 2. The volume of atherosclerotic tissue removed using a
continuous wave neodymium yttrium aluminum garnet (Nd-YAG)
laser is greater with the lensed tip fiber and the sapphire contact
probe than with the bare fiber.
than that removed with the bare fiber: 5.6 ±: 1.0 and 2.1
±: 0.4 mm' for the sapphire contact probe and lensed fiber,
respectively, versus 0.5 ±: 0.1 mm" (p < 0.001) for the
bare fiber (Fig. 2).
The diameter ofholes at the entry oflaser-created craters
was also higher with modified than with nonmodified fiber
tips: 2.5 ±: 0.2 and 1.2 ±: 0.2 mm for sapphire contact
probe and lensed fiber tip, respectively, versus 0.5 ±: 0.1
mm for bare fiber (p < 0.001) (Fig. 3). With the optically
modified fibers, the diameter of holes exceeded by 10 to
20% that of the probes whereas with bare fibers the hole
diameter was two times greater than that of the core fiber
diameter. By contrast, the depth of penetration was not
different between the modified and the bare fibers (2.2 ±:
0.3 and 2.0 ±: 0.3 mm versus 2.4 ±: 0.6 mm for contact
probe, lensed fibers and bare fibers, respectively).
Histologic results (Fig. 4). Laser emission by the con-
tact probe resulted in sharply demarcated tunnels in the
aortic wall, ovoid to round. The holes were characteristically
conical with the largest diameter at the point of entrance.
Gradually the diameter narrowed as the laser-created hole
penetrated the aortic wall. With both lensed tips and bare
fibers, the shape of tunnels was cylindrical rather than con-
ical so that they exhibited a smaller diameter. In some sam-
Figure 3. Whereas the radius of laser-created holes in athero-
sclerotic tissue is greater with the lensed tip fibers and the sapphire
probe than with the bare fiber, the extent (depth) of thermal injury
is similar.
*M"
E
.s 6.0
:'1 Bare fiber
i2 Lensed fiber
2 Sapphire
'p< 0.001
*
(mm)
1.4
1.2
[2 Radius of holes
~ Depth of thermal Injury
'p < 0.001
15.0
E
Gl 4.0
II:
Gl
~ 3.0
*~ 2.0
'0
•E 1.0
.aj 0.0
1.0
0.8
*
0.6
0.4
0.2
0.0
I.enHd SlIpphlreB.,.
tiber tip
658 GESCHWIND ET AL.
MODIFIED TIPS FOR LASERANGIOPLASTY
f
•
•
•
lACC Vol. 10. No.3
September 1987:655-61
the rim of carbonization created by modified and bare fibers.
Peripherally to the zone of carbonization, there was a vari-
able width area of vacuolization and local disruption of the
aortic tissue. Vacuolization due to thermal effect was more
pronounced and more extensive in the aortic medial layer
as compared with the sclerotic intima. It extended from 87
± 28 to 100 ± 23 and 119 ± 31 J.Lm for lensed tips, bare
fibers and sapphire probes, respectively.
Efficiency and controlled effect (Fig. 5). The efficiency
was 4 to II times higher for modified tips than for bare
fibers (0.04 ± 0.01,0.11 ± 0.2 and 0.01 ± 0.002 rnmvl)
for lensed fibers, sapphire probes and bare fibers, respec-
tively. The controlled effect index was also higher for mod-
ified catheters compared with bare fibers (5.8 ± 0.7,8.8
± 1.7 and 2.1 ± 0.4 for lensed tips, sapphire tips and bare
fibers, respectively) (p < 0.001).
Tissue adherence. Adherence of tissue was similar on
both lensed fibers and sapphire probes after multiple laser
emissions. This could be prevented by leaving power on
during disengagement of the tip. Adherent particles could
also be easily removed with peroxide solution.
Tip alterations. Despite the numerous laser emissions,
the tips did not exhibit major alterations in shape or color.
No back burning occurred either with the sapphire contact
probe or with the lensed fiber tip. There was no significant
reduction in power of the contact probe after craters were
created as compared with that measured before the exper-
iments. By contrast, back burning of the distal tip occurred
in all experiments with bare fiber tips.
Mechanical effects. When the two optically modified,
round tips were applied directly onto the tissue target for
laser emission, no mechanical injury was observed because
of the smooth end. By contrast, bare fiber tips created small
punctures due to their cutting edge.
Figure 5. The ratio of volume of tissue removed and the energy
required to remove the tissue (efficiency) and the ratio of radius
of laser-created craters and extent of thermal injury (controlled
effect index) are greater with opticaIly modified fiber tips than
with the bare fiber.
B
Figure 4. Histologic sections of human cadaver aortic wall. A,
The crater created through the vessel wall with a bare fiber is
surrounded by a rim of carbonization and vacuolization. B, Al-
though the diameter of the crater created with the lensed tip fiber
is greater than that created with the bare fiber, the extent (depth)
of thermal injury including the rim of carbonization and vacuoli-
zation is similar (hematoxylin-eosin stain; original magnification
x 25, A reduced by 40%, B reduced by 28%).
pies there was a slight increase in the size of exit holes
made with lensed fibers. A rim of carbonization was con-
sistently observed in all samples, regardless of the laser
catheter used. It lined the laser-created hole with a width
of 18 ± 5 J.Lm. There was no significant difference between
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Discussion
Laser channel dimensions. In the first attempts to re-
canalize obstructed arteries in humans. only bare fiber tips
were used (6-11). These resulted in narrow channels that
were likely to explain, at least in part. the high rate of
restenosis that was observed. Therefore, it was thought that
complementary balloon angioplasty would be necessary to
widen the laser-created channels (11,12). In a second stage
of laser angioplasty, argon-heated metal probes were used
for thermal angioplasty (16-19) . Again. although the di-
ameter of channels was increased as compared with that
created with bare fibers, complementary balloonangioplasty
was required (17-19). Using 2.0 mm diameter probes for
thermal angioplasty, luminal diameters produced through
occluded femoropopliteal arteries in patients were 1.2 mm
increasing to 2.8 mm after balloon dilation (25). In exper-
imental studies (26), the craters created with pulsedexcimer
lasers had a very narrow diameter of 0.4 mm that could not
be increased by higher levels of energy. Consequently. at-
tempts were made to create larger holes with laser catheters
by either using multifiber devicesor modifying catheter tips.
Obviously, larger holes can be created using thick, bare
fibers . However, for easy, safeguidanceof laserangioplasty
catheters through peripheral distal vessels and coronary ar-
teries, thin, flexible fibers have to be used (\3.14,27) , The
optically modified fibers have the capability of creating larger
holes than bare fiber tips while using the same thin fibers
for transmission of energy.
The question arises whether there is advantage of using
laser-assisted balloon angioplasty with the laser aimed at
perforatingthe obstructionfor subsequent penetration of the
balloon catheter or using laser energy alone to recanalize
obstructed arteries. Further clinical studies with long-term
follow-up are required to determine the best technique .
However. it may be hypothesized that removing the ob-
struction by laser vaporization is likely to decrease the rate
of restenosis whereas combining laser and balloon proce-
dures may increase the risk of platelet aggregation and in-
timal proliferative fibrosis by creating both thermal and me-
chanical injury to the vessel wall.
Optically modified catheters. The two devices used in
this study had common goals: create a widercrater than that
obtained with bare fibers. protect the bare fiber tip from
damageand protect the arterial wall frommechanical injury.
However, the concept of the two laser catheters was dif-
ferent: in the sapphire catheter, the fiber was totally pro-
tected from damage because it was shielded by the catheter
and saline solution perfused during laser emission. In ad-
dition, the sapphire diameter was large enough to create a
crater of 2.5 mm diameter at the entry and no balloon was
mounted on the catheter. By contrast, in the lensed fiber
catheter, the fiber was protected by a silica ball that had a
slightly greater diameter than that of the catheter tip. There-
fore. penetration of the smaller catheter tip into the crater-
filled tissue was easy to perform, thus allowing subsequent
advancement of the catheter for balloon penetration and
inflation.
Efficiency. The volume of tissue removed was signifi-
cantly higher with modified tips. Because the same energy
at the entry of the fiber was used for all experiments. the
efficiency was also greater. With the sapphire probe. effi-
ciency was I I times higher than with the bare fiber tip and
nearly 3 times higher than with the lensed fiber. However,
because the diameter of the sapphire was greater than that
of the lensed fiber. the baseline diameter should be consid-
ered when comparing the size of the craters. On the other
hand. the actual efficiency of the sapphire probe was higher
if the measured laser energy delivered at the tip is taken
into account. Indeed, for the sapphire contact probe only
20% of the power measured at the entry of the fiber was
transmittedat the distal end as compared with 60% for bare
fibers and 55% for lensed fibers. Thus, for an input energy
of 50 J. 30 W were utilized to remove 0.5 rnrrr' of tissue
at the distal bare fiber tip versus only the lOW that were
required to remove5.6 mrrr' of tissue with the contact probe.
Safety. The larger size of tunnels created with modified
tips must not be achieved at the expense of increased risk
of damageto the arterial wall. The side effects of continuous
wave lasers include thermal damage to surrounding tissue
that can lead to perforation when the rim of carbonization
and vacuolization is widespread throughout the three layers
of the vessel wall (28- 30). The extent of thermal injury can
be decreased by reducing the duration of emission (31-33 ),
changingthe medium(for instance replacing blood by saline
solution), circulating perfusates or keeping the catheter tip
at a distance from the vessel wall (4.5,27,29). Despite these
preventive measures. the actual extent of injury in vivo
remains to be evaluated.The less the rimof thermaldamage,
the less the risk of vessel wall perforation and the better the
control of laser angioplasty.
Our results showed that the extent of injury was accept-
able and not significantly different with the modified tips
ascomparedwith the bare fibertip. Therefore, thecontrolled
effect index was high for sapphire probe and lensed fibers
and low for bare fibers. Using thermal angioplasty, Abela
et al. (25) found that the initial surface of created channels
showed a zone of charring with an underlying zone of ther-
mal necrosis that together measured between 200 and 500
p.m. This thermal effect was slightly greater than that we
obtained with our optically modified tips. With thermal an-
gioplasty, there was a widespread dispersion of recanalized
lumen diameters, from I to 2 mm and 2.5 to 3.5 mm with
a I and 2 mm probe diameter, respectively .
Using a Nd-YAG laser, Fenech et al. (29) obtained a
crater diameter four times greater than that of the fiber with
argon in blood. The size of the crater was attributed to the
increased beam divergence at the fiber tip in the presence
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of blood, thus resulting in poor predictable tissue damage .
Optically modified fiber tips have the advantage of creating
a well defined localized region of high energy density at the
tip (34). Because the size of tunnels can be successfully
predicted, it is anticipated that various diameters of modified
tips will be used according to the diameter of vessels to
recanalize .
Comparison of fiber tips. The smooth edge of modified
tips had no traumatic effect on tissue whereas the cutting
edge of bare fiber induced laceration and punctures into the
atherosclerotic vessel submitted to laser emission (13,14,30).
Both modified systems retain the ability to utilize flexible
thin fibers allowing easier guidance of the laser catheters
and reducing the risk of vessel damage. Finally, with both
modified tips, the effect on the crater diameter was con-
sistently 10 to 20% greater than the diameter of the probe
itself. Thus, optically modified fibers such as in this study
are anticipated to provide a controlled and predictable effect
on the dimensions of the channels created through target
tissue . The sapphire probe catheter with an enclosed optical
fiber has less risk of fiber back burning or fracture compared
with the lensed fiber that is exposed ahead of the balloon
catheter but provides an advantage of sequential balloon
angioplasty.
Clinical implications. Improved laser delivery systems
are needed to recanalize obstructed arteries ideally without
any complementary balloon dilation procedure so that the
obstruction is removed instead of being split. To be effective
and reduce the rate of restenosis, no or minimal significant
residual stenosis should remain . To be safe, damage to the
vessel wall should be minimized . Modified tips appear to
have the potential to meet these requirements. However,
further studies are needed to improve the guiding capabilities
of the devices and determine the follow-up of laser reca-
nalized arteries.
We are indebted to Marilyn Utt for secretarial assistance and to Stephen
Smith for technical assistance .
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